Although metastasis is a major cause of death from breast cancer, our ability to predict which tumors will metastasize is limited (American Cancer Society 2010). Proper assessment of metastatic risk and elucidating the underlying mechanisms of metastasis will help personalize therapy and may provide insight into potential therapeutic targets. Traditionally, histologic grading, staging, hormone receptors, HER2/Neu, and proliferation assays have been the gold standard on which oncologists based their treatment decisions. However, all of these are indirect measures of metastatic risk. Recent insights from intravital imaging directly address questions of mechanism and have led to a new way of using histologic and cytologic material to assess metastatic risk. This review describes the tumor microenvironment model of invasion and intravasation, as well as an emerging histopathologic application based on this model. In particular, the authors describe a new immunohistochemical approach to the assessment of metastatic risk based on the density of intravasation microenvironment sites called the tumor microenvironment of metastasis. In addition, they describe an isoform assay for the actin regulatory protein Mena using fine needle aspiration samples and the details about how these 2 assays may be applied in clinical practice in a synergistic way to assess the risk of metastasis. (J Histochem Cytochem 60:168-173, 2012) Keywords breast cancer, metastasis, immunohistochemical markers, tumor microenvironment, fine needle aspiration (FNA) biopsy Review Correlated Immunohistochemical and Cytological Assays for the Prediction of Hematogenous Dissemination of Breast Cancer 169
Identification of Invasion Microenvironments
A traditional view of metastasis asserts that metastatic tumor cells arise from a process similar to natural selection in which multiple selective pressures result in tumor cells that are capable of migration and survival at distant sites. New technologies, however, including intravital imaging studies of mammary tumors in mice Mantovani et al. 1980; Milas et al. 1983; Wyckoff et al. 2004) , expression profiling of whole human breast tumors (van de Vijver et al. 2002; Ramaswamy et al. 2003) , and collection and profiling of the invasive subpopulation of tumor cells isolated from rat and mouse mammary tumors (Wang et al. 2004 (Wang et al. , 2005 , indicate that metastatic ability is acquired at much earlier stages of tumor progression than that predicted by the Darwinian natural selection model. These results indicate that metastatic ability is encoded throughout the bulk of the primary tumor and involves transient changes in gene expression. In addition, they are consistent with the idea that oncogenic mutations in tumor cells in the primary tumor lead to microenvironments such as increased microvascular density (Leek and Harris 2002) , inflammation (Condeelis and Pollard 2006) , and hypoxia (Giraudo et al. 2004 ). These microenvironments can induce transient alterations in gene expression and alternative mRNA splicing in the tumor cells, which in turn drive dramatic but transient episodes of cell motility, migration, and intravasation Wang et al. 2005 Wang et al. , 2007 .
Multiphoton-based intravital imaging has highlighted the essential role of macrophages in these motility events (reviewed in Condeelis and Segall 2003; Condeelis and Pollard 2006; Yamaguchi et al. 2006; Kedrin et al. 2007) . During invasion and dissemination, macrophages stream with tumor cells toward blood vessels where perivascular macrophages support intravasation. Both the invasion and intravasation microenvironments rely on an EGF/CSF-1 paracrine loop (Roussos et al. 2011a) (Fig. 1A , B, C).
Using a needle filled with EGF or CSF-1, the motile subpopulation of tumor cells in the primary tumor can be collected and then characterized by gene expression profiling (Wang et al. 2004 . Collectively, the constellation of genes identified by this profiling is called the invasion signature, and it characterizes the migrating and disseminating tumor cells of mammary tumors. These cells are motile, chemotactic to EGF receptor ligands, nonapoptotic, and chemotherapy resistant. Key among the motility genes is Mena, an actin binding protein that regulates pathways involved in EGF-stimulated actin polymerization, chemotaxis, and cell migration (Gertler and Condeelis 2011; Roussos et al. 2011b ).
Mena Modulates Breast Cancer Cell Invasion and Intravasation
Mena, a member of the Ena/VASP protein family, regulates cell motility by controlling the assembly of actin networks (Krause et al. 2003) . Mena expression is upregulated in rat, mouse, and human mammary tumors grown in SCID mice (Wang et al. 2004 Goswami et al. 2009 ) and in primary tumors of human breast cancer patients (Di Modugno et al. 2004 Modugno et al. , 2006 . Mena is required for tumor progression, as Mena null mice with PyMT transgene-induced mammary tumors exhibit delayed metastatic progression and decreased hematogenous dissemination of tumor cells (Roussos et al. 2010) , although the PyMT tumors are typically extremely aggressive (Lin et al. 2003) . Mena contains 4 alternatively included exons not present in other Ena/ VASP proteins: "+," "++," "INV" (formerly "+++"), and 11a (Gertler et al. 1996; Di Modugno 2007; Philippar et al. 2008) . Mena classic (which contains only the constitutive exons) and Mena INV are both upregulated in the invasive subpopulation of tumor cells isolated from rat, mouse, and human mammary tumors (grown in SCID mice), whereas Mena 11a, abundant in primary tumors, is downregulated in the same invasive tumor cells (Goswami et al. 2009) (Fig. 1D ). Tumors formed by Mena INV -expressing carcinoma cells show no differences in primary tumor growth, but such tumors exhibit a discohesive morphology and are significantly more metastatic than are tumors arising from cells expressing the other Mena isoforms (Philippar et al. 2008; Roussos et al. 2011a ). Mena INV -expressing tumor cells are more invasive and motile, form streams with macrophages, and intravasate far more efficiently (Roussos et al. 2011c ). The steps in metastasis following intravasation are not affected by Mena INV expression (Roussos et al. 2011a) . At the mechanistic level, Mena INV potentiates chemotactic and invasive responses of tumor cells to EGF: Mena INV -expressing tumor cells respond to 25-to 50-fold lower EGF concentrations than do cells expressing Mena classic (Philippar et al. 2008; Roussos et al. 2011a ). Mena INV expression allows tumor cells to respond to otherwise undetectable EGF levels, enhancing paracrine signaling with macrophages, ultimately leading to a "streaming" phenotype that allows tumor cells to reach blood vessels and intravasate more efficiently than do cells lacking Mena INV (Fig. 1D) (Roussos et al. 2011a ).
Detection of Tumor Cell Intravasation Sites Called TMEM: Tumor Microenvironment of Metastasis in Humans
Given these in vivo and in vitro observations, we asked how pathologists might apply these insights to routine surgical pathology and cytology samples of human breast cancers. Because intravasation requires an interaction between a migrating intravasation-competent tumor cell, an endothelial cell, and a perivascular macrophage, we developed a triple immunostain with 3 different chromogens to enable simultaneous visualization and identification of each cell type. The antibodies used were CD31 (endothelial cell), CD68 (macrophage), and pan Mena (intravasation competent tumor cell) (Robinson et al. 2009 ). The TMEM was defined as the direct apposition of an endothelial cell, a perivascular macrophage, and a Mena-expressing tumor cell. Images of a 2.5-mm 2 area of tumor, with high cellularity and vascularity, were taken at ×400, and the number of TMEMs per image was quantitated and summed over the area (Fig. 1D and 2A) .
In a retrospective study of 30 matched pairs of patients with invasive ductal carcinoma of the breast-matched for tumor size, differentiation, lymph node status, lymphovascular invasion, hormone receptor, and HER2/Neu status (and differing only in metastatic outcome)-there was a significant difference in TMEM count between the metastatic and nonmetastatic cohorts (median=105 vs. 50, respectively; p=0.00006). Specifically, for an increase in the TMEM count of 10, the risk of metastasis nearly doubled (odds ratio=1.9, 95% confidence interval, 1.1-3.4). The ability of TMEM density to predict systemic spread of carcinoma cells was independent of other currently used prognosticators (Robinson et al. 2009 ).
Figure 1.
Observation of tumor cell behavior in mammary tumors using multiphoton imaging. (A) Using multiphoton imaging, the migration of breast tumor cells can be seen deep inside the mammary tumor of a living mouse. (B) Green tumor cells respond to signals from blood vessel-associated macrophages by crawling (yellow arrows) toward blood vessels (red). Tumor cells then use the blood vessels to escape from the primary tumor and seed metastatic tumors at distant sites. Images from Roussos et al. (2011a) . (C) Green tumor cells enter blood vessels where perivascular macrophages (red) are located. Images from Wyckoff et al. (2007) . (D) Cartoon summary of tumor cells streaming and TMEM assembly. Tumor cell migration is believed to involve the tumor microenvironment-initiated decreased expression of the epithelial isoform of Mena, Mena11a, and increased expression of Mena INV , which promotes discohesion of the tumor and paracrine-dependent tumor cell migration called cell streaming (bracket), as well as TMEM assembly leading to intravasation (box). TMEM, tumor microenvironment of metastasis.
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Cytological Assays Correlated with TMEM
Fine needle aspiration (FNA) is a technique well suited for the collection of discohesive tumor cells from primary breast tumors. FNA biopsy not only collects an almost pure cancer cell population but also produces samples enriched for discohesive, potentially invasive cancer cells (Fig. 2B) . Because Mena INV -expressing cells have poorly formed cell-cell junctions as demonstrated by intravital imaging and immunohistochemical analysis of E-cadherin and β-catenin, they are easily pulled into the FNA needle by capillary action (Roussos et al. 2011c ). In addition, FNA is a very simple, inexpensive method of tissue collection that can be performed without anesthesia, during the patient's first visit. Thus, tissue samples collected by FNA may be used early in the diagnostic and prognostic process before treatment decisions have been made. In a study involving 40 human invasive ductal breast cancers, we have shown that FNA yielded sufficient tumor cells to allow determination of Mena isoform levels by qRT-PCR. The discohesive cells obtained showed high levels of Mena INV (Roussos et al. 2011c) .
Total Mena levels, and in particular Mena INV levels, are correlated with TMEM assembly and breast cancer cell intravasation and hematogenous metastatic spread in mice (Philippar et al. 2008 (Philippar et al. , 2010 (Philippar et al. , 2011a , suggesting that tumors with high Mena INV levels will have high TMEM scores. Consistent with this hypothesis, Mena INV expression levels correlated with TMEM scores in invasive ductal carcinomas in 40 patients, whereas the expression levels of Mena11a did not (Roussos et al. 2011c) (Fig. 2C, D) . This suggests that Mena INV expression is also implicated in TMEM assembly and cancer cell intravasation in humans. These results suggest that both Mena INV expression status in FNA samples and TMEM have related prognostic value because they are related to the same mechanism of tumor cell dissemination. Because no differences in Mena isoform mRNA expression were found between tumors of different grade, size, lymph node status, ER, PR, and HER2/Neu expression (Roussos et al. 2011c ), both TMEM score and Mena INV mRNA expression reflect linked mechanisms of tumor invasion/progression independent of most currently used clinical and pathological parameters.
Conclusions
New techniques using correlated histologic and cytologic methods are being developed to assess metastatic risk in breast cancer patients at the time of presentation or early in the course of management. TMEM is a triple immunostain that allows quantitation of a microanatomic structure of intravasation that can be performed on excisional biopsies (after formalin fixation and paraffin embedding) and some needle core biopsies. Determination of Mena isoform levels on FNA-based material can give similar prognostic information based on the discohesion of the motile cells at an early stage of presentation. The novelty of these tests, as compared with other prognostic indicators to date, is that they are based on direct observation of cancer cell intravasation mechanism in vivo. Population studies are currently underway to determine how best to personalize the prognosis and treatment of breast cancer patients based on these new methods.
